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.2012.09.Abstract Five new synthesized non ionic surfactants (I–V) were synthesized and characterized
using FTIR and NMR spectroscopic methods. Performance of the synthesized compounds as cor-
rosion inhibitors for X- 65 type carbon steel in oil wells formation water was investigated by various
techniques such as weight loss, potentiodynamic polarization and electrochemical impedance spec-
troscopy (EIS). It was found that the percentage inhibition efﬁciency (g%) increases by increasing
the inhibitor concentration until the critical micelle concentration (CMC) is reached. Also, the
results showed enhancement in inhibition efﬁciencies with increasing both molecular size of the sur-
factant and the degree of ethoxylation. Potentiodynamic polarization curves indicated that the
inhibitors under investigation act as mixed type. The data obtained from electrochemical impedance
spectroscopy (EIS) were analyzed to model the corrosion inhibition process through equivalent cir-
cuit. Finally, the nature of the protective ﬁlm formed on carbon steel surface was analyzed by SEM
and EDX techniques.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
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0061. Introduction
Carbon steel has been widely employed as construction materi-
als for pipe work in the oil and gas production such as down hole
tubular, piping systems and transmission pipelines [1]. Corro-
sion in the oil ﬁeld appears as leak in tanks, casing, tubing, pipe
line and other equipment. This process changes the basemetal to
another type ofmaterials. Themost corrosive environment in oil
ﬁeld operations is caused by trace amounts of oxygen entering
into a sour brine system, as well as the large amounts of carbonhosting by Elsevier B.V.Open access under CC BY-NC-ND license.
150 M.A. Migahed et al.dioxide and hydrogen sulﬁde present in a deep oil well water
(formationwater) [2]. This type of corrosion forms a scale which
varies from dense and adherent to loose porous and thick
[3,4].Corrosion inhibitors (mainly, surfactants) are widely em-
ployed in the petroleum industry to protect iron and steel equip-
ment used in drilling, production, transport and reﬁning of
hydrocarbons [5,6]. The efﬁciency of the inhibition ﬁlm depends
on the inhibitor concentration and contact time with the metal
surface. In fact, introducing of ethylene oxides into surfactant
molecule (ethoxylation) increases the inhibitive effect of surfac-
tant [7]. The presence of these groups increases the solubility of
surfactant and hence the extent of its adsorption on the metal
surface increases and consequently its inhibitive action im-
proves. Many studies on the inhibition of the corrosion of car-
bon steel by some ethoxylated surfactants have been carried
out in different corrosive environment [8–12]. This work is
aimed to examine the effectiveness of new synthesized, environ-
mental friendly non ionic surfactants on the corrosion rate of
carbon steel in deep oil wells formation water. It is an onset of
a series of works currently under investigation in our labs.
2. Experimental
2.1. Chemical composition of the investigated carbon steel alloy
Carbon steel specimens used in this investigation were cut from
unused petroleum pipeline as regular edged cuboids with
dimensions 7 · 2 · 0.2 cm. The chemical composition of car-
bon steel alloy is listed in Table 1.
2.2. Deep oil well formation water
Deep oil wells formation water naturally exists in the reservoir
rocks before drilling. Most oil ﬁeld water contains a variety of
dissolved organic and inorganic compounds. The major ele-
ments usually present are sodium, calcium, magnesium, chlo-
ride, bicarbonate, and sulfate. The Chemical composition of
the oil wells formation water used in this investigation and
its physical properties are shown in Table 2.
2.3. Synthesis of the inhibitors
In a 250 ml four-neck ﬂask equippedwith a condenser, magnetic
stirrer, thermometer, ethylene oxide gas inlet and outlet nozzles
as illustrated in Fig. 1. Then 2–3 droplets of triethylamine were
added to 1 mole tolyltriazole (133.15 g) with stirring at 80–90 C
for about 15 min., then ethylene oxide gas was allowed to pass
over the tolyltriazole melt under a controlled pressure of around
86–88 cm Hg with stirring [13–16].N
N
N
H
Tolyltriazole
O
Ethylene Oxide
N(C2H5)3 ,
88 - 90 cm Hg
Synthesis of nonionic ethThe temperature was raised gradually up to reﬂux tempera-
ture and then the reaction mixture was reﬂuxed for about 3 h.
After that it was cooled and ﬂashed off every 0.5 h. The progress
of the reactionwas evaluated bymonitoring the gainedweight as
a result of insertion of ethylene oxide units. The synthesized
structures were identiﬁed by 1H NMR and IR spectroscopic
analyses.
The FTIR spectrum of Inhibitor (I), Inhibitor (II), Inhibi-
tor (III), Inhibitor (IV) and Inhibitor (V), afforded similar
spectra with slight increase of band’s intensity and showed
the following observations: A strong broad band in the region
of 3200–3600 cm1 assigned to OH stretching vibrations. A
strong band at 1120 cm1 assigned to C–O ether stretching
vibrations. The appearance bands at 2880 cm1 characteristic
of C–H aliphatic conﬁrm the incorporation of aliphatic moi-
ety. Weak band at 1340 cm–1 corresponds to C–N stretching
vibration. Fig. 2 shows FTIR spectrum of inhibitor (V) as a
representative sample.
The 1H NMR spectrum of the synthesized inhibitors (I–V)
showed the following:
(1) Inhibitor (I): 1H NMR (DMSO) (,, PPM) ,3.49–3.96 (8
CH2-ALPHA N\R), 4.1–4.77 (8 CH2-ALPHA O), 7.1–
7.8 (3H, Ar-H), 2.44–2.74 (3H, CH3).
(2) Inhibitor (II): 1H NMR (DMSO) (,, PPM), 3.34–3.97
(12 CH2-ALPHA N\R), 4.1–4.77 (12 CH2-ALPHA
O), 7.0–7.8 (3H, Ar-H), 2.4–2.7 (3H, CH3).
(3) Inhibitor (III): 1H NMR (DMSO) (,, PPM), 3.5–3.99
(16 CH2-ALPHA N\R), 4.1–4.77 (16 CH2-ALPHA
O), 7.0–7.8 (3H, Ar-H), 2.7 (3H, CH3).
(4) Inhibitor (IV): 1H NMR (DMSO) (,, PPM), 3.53–3.99
(20 CH2-ALPHA N\R), 4.7–4.88 (20 CH2-ALPHA
O), 7.0–7.5 (3H, Ar-H), 2.46–2.77 (3H, CH3).
(5) Inhibitor (V): 1H NMR (DMSO) (,, PPM), 3.5–3.7 (24
CH2-ALPHA N\R), 4.7–4.9 (24 CH2-ALPHA O), 7.0–
7.88 (3H, Ar-H), 2.6–2.7 (3H, CH3).
Fig. 3 shows 1H NMR spectrum of inhibitor (V) as a repre-
sentative sample.
2.4. Weight loss measurements
The specimens were polished with different grade emery papers,
degreased with hot acetone [17]. Then washed with bi-distilled
water and ﬁnally dried. The weight losses (mg cm2) of rectan-
gular carbon steel specimens in deep oil wells formation water in
the absence and presence of various concentrations of the inhib-
itors were determined. Triplicate specimens were exposed to
each condition and the mean weight loss was reported.N
N
N
O H
n
Inhibitor (I, II, III, IV and V)
90 - 100 oC
Where n = 8 for Inhibitor (I)
               n = 12 for Inhibitor (II)
                n = 16 for Inhibitor (III)
                 n = 20 for Inhibitor (IV)
                n = 24 for Inhibitor (V)
oxylated surfactants.
Table 1 Chemical composition of carbon steel alloy.
Element C Si Mn P S Ni Cr Mo V Cu Al Fe
Content (Wt. %) 0.09 0.22 1.52 0.01 0.05 0.04 0.02 0.004 0.002 0.02 0.04 Rest
Table 2 Chemical composition and physical properties of
deep oil well formation water used in this investigation.
Property Unit Value
Physical properties
Density g/cm3 1.044
Turbidity FAU 263
PH 6.38
Salinity as NaCl mg/l 12029
Conductivity ls/cm 29220
Total hardness mg/l 2910
Ionic species Value
Chemical properties
Sulfate 6.5 (mg/l)
Phosphate 0.771(mg/l)
Carbonate nil
Bi-carbonate 143 (mg/l)
Chloride 7300 (mg/l)
Sulﬁde 450 (lg/l)
Vanadium as V2O5 nil
Iron ferrous 23 (mg/l)
Iron, Total 42 (mg/l)
Calcium 800 (mg/l)
Magnesium 364 (mg/l)
Barium 105 (mg/l)
Copper nil
Potassium 250 (mg/l)
Zinc 1.359 (mg/l)
T.D.S 15520 (mg/l)
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The electrochemical measurements were carried out using Volta
lab80 (Tacussel-radiometer PGZ402) controlled by TacusselFigure 1 Apparatus used for synthecorrosion analysis soft waremodel (Voltamaster 4). A platinum
electrode was used as auxiliary electrode. All potentials were
measured against a saturated calomel electrode (SCE) as a ref-
erence electrode. All the measurements were carried out in air-
saturated solutions and at ambient temperature (303 K).
2.6. Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance (EIS) measurements were carried
out using Volta lab 80 potentiostat (Tacussel-radiometer
PGZ402) controlled by Tacussel corrosion analysis soft ware
model (Volta master 4). Impedance spectra were obtained in
the frequency range between 100 KHz and 50 mHz using 20
steps per frequency decade at open circuit potential after 1 h
of immersion time. AC signal with 20 mV amplitude peak to
peak was used to perturb the system. EIS diagrams are given
in both Nyquist and Bode representations.
2.7. Surface tension measurements
The surface tension (c) wasmeasured using (Kru¨ssK6 Tensiom-
eter type, a direct surface tension measurement using ring meth-
od) for various concentrations of the investigated surfactants.
2.8. Scanning electron microscopy
The surface examination was carried out using scanning elec-
tron microscope (JEOL JSM-5410, Japan). The energy of the
acceleration beam employed was 20 KV. All micrographs were
taken at a magniﬁcation power (X 750).
2.9. Energy dispersive analysis of X-rays (EDX)
EDX system attached with a JEOL JSM-5410 scanning elec-
tron microscope was used for elemental analysis or chemicalsis of tolyltriazole poly ethoxide.
Figure 3 1H NMR spectrum of inhibitor (V).
Figure 2 FTIR spectrum of inhibitor (V).
Figure 4 Weight loss–time curves for carbon steel dissolution in
formation water in the absence and presence of different concen-
trations of inhibitor (V) at 303 K.
152 M.A. Migahed et al.characterization of the ﬁlm formed on carbon steel surface be-
fore and after applying the synthesized inhibitor (V).
3. Results and discussion
3.1. Weight loss measurements
Figs. 4 and 5 show weight loss–time and corrosion rate–time
curves for carbon steel immersed in deep oil wells formation
water in the absence and presence of various concentrations
of the inhibitor (V) as a representative sample. It is apparent
that, increasing inhibitor concentration was accompanied by
a decrease in weight loss with respect to the blank specimen.
This behavior can be attributed to the adsorption of surfactant
molecules on carbon steel surface.The maximum inhibition
Figure 5 Relationship between the corrosion rate and inhibitor
(V) concentration for carbon steel dissolution in oil wells
formation water as obtained from weight loss technique.
Table 3 Data obtained from weight loss measurements for
carbon steel dissolution in formation water in the absence and
presence of various concentrations of inhibitors (I, II, III, IV
and V) at 303 K.
Inhibitor Concentration
(ppm)
Corrosion rate
(mpy)
h IE%
Formation water
(blank)
– 0.683 – –
Inhibitor I 50 0.503 0.262 26.2
100 0.464 0.320 32.0
150 0.404 0.408 40.8
200 0.317 0.535 53.5
250 0.230 0.663 66.3
300 0.200 0.707 70.7
Inhibitor II 50 0.494 0.276 27.6
100 0.456 0.332 33.2
150 0.397 0.418 41.8
200 0.312 0.544 54.4
250 0.226 0.669 66.9
300 0.196 0.712 71.2
Inhibitor III 50 0.449 0.342 34.2
100 0.414 0.393 39.3
150 0.361 0.471 47.1
200 0.283 0.585 58.5
250 0.206 0.699 69.9
300 0.178 0.739 73.9
Inhibitor IV 50 0.413 0.394 39.4
100 0.381 0.441 44.1
150 0.332 0.514 51.4
200 0.261 0.618 61.8
250 0.189 0.723 72.3
300 0.164 0.759 75.9
Inhibitor V 50 0.404 0.407 40.7
100 0.373 0.453 45.3
150 0.325 0.524 52.4
200 0.255 0.627 62.7
250 0.185 0.729 72.9
300 0.161 0.765 76.5
Synthesis of some novel non ionic surfactants based on tolyltriazole and evaluation their performance 153efﬁciency (IE%) was exhibited at 300 ppm concentration of the
inhibitor.
The degree of surface coverage (h) and percentage inhibi-
tion efﬁciency (IE%) were calculated as follows:
h ¼ 1Winh:
Wfree
ð1Þ
IE% ¼ Wfree Winh:
Wfree
 100 ð2Þ
where, Wfree and Winh. represent the values of weight loss of
carbon steel in formation water in the absence and presence
of the inhibitor, respectively.
Corrosion rate was calculated using the following equation
[18,19]:
Corrosion rateðmpyÞ ¼ KW=DAT ð3Þ
where, K = 3.45 · 106, T is the exposure time in hour, A is
the surface area of the test specimen, W is the weight loss in
gram and D is the density of the test specimen in g/cm3,
respectively. Complete data are summarized and listed in
Table 3.
3.2. Potentiodynamic polarization measurements
Figs. 6 and 7 show the cathodic and anodic polarization curves
of carbon steel immersed in deep oil wells formation water in
the absence and presence of different concentrations of the
inhibitor (V) as a representative sample. Electrochemical
parameters such as corrosion potential (Ecorr.), corrosion cur-
rent density (icorr.), cathodic and anodic Tafel slopes (bc and
ba) and polarization resistance (Rp) were calculated. From
the obtained polarization curves, it is clear that the corrosion
current densities (icorr.) were decreased with increasing concen-
tration of inhibitor (V) with respect to the blank (inhibitor free
solution). These results greatly agree with the previous data
obtained from weight loss measurements and conﬁrm the for-
mation of a good protective layer on the surface of carbon
steel.
The degree of surface coverage (h) and the percentage inhi-
bition efﬁciency (IE%) were calculated using the following
equations [20]:
h ¼ 1 i=i0 ð4Þ
g% ¼ 1 i=i0ð Þ  100 ð5Þwhere i0 and i are the corrosion current densities in the absence
and presence of the inhibitor, respectively.
The values of polarization resistance (Rp) were calculated
from the well known Stern–Geary equation:
Rp ¼ babc=2:303 icorrðba þ bcÞ ð6Þ
From the obtained data, it is clear that Tafel lines
are shifted to more negative and more positive potentials for
the anodic and cathodic processes, respectively relative to the
blank curve. This means that the selected compound acts as
mixed type inhibitor, i.e., promoting retardation of both ano-
dic and cathodic discharge reactions. Also, the slopes of the
cathodic and anodic Tafel lines are approximately constant
and independent on the inhibitor concentration. This means
that, the selected inhibitor has no effect on the metal dissolu-
tion mechanism. Complete data obtained from polarization
measurements are summarized and listed in Table 4. The
results indicate that the percentage inhibition efﬁciency
(IE%) of the inhibitor (V) is greater than that of inhibitors
(I, II III and IV). This could be attributed to the increase in
Figure 6 Potentiodynamic polarization curves (E–I relationship) of carbon steel in formation water in the absence and presence of
different concentrations of inhibitor (V).
Figure 7 Potentiodynamic polarization curves (E – log I relationship) of carbon steel in formation water in the absence and presence of
different concentrations of inhibitor (V).
154 M.A. Migahed et al.the number of ethylene oxide units of inhibitor molecules
which promotes stronger adsorption ﬁlm and hence more pro-
tective layer and higher inhibition efﬁciency.
3.3. Electrochemical impedance spectroscopy (EIS)
The corrosion behavior of carbon steel in deep oil wells forma-
tionwater in the absence and presence of various concentrations
of inhibitor (V) as a representative sample was investigated by
EIS technique. Nyquist and Bode plots are shown in Figs. 8
and 9. It is clear from the plots that the impedance response of
carbon steel in formation water was signiﬁcantly changed after
the addition of the inhibitormolecules. Various parameters such
as the charge transfer resistance (Rt), double layer capacitance
(Cdl) and percentage inhibition efﬁciency IE% were calculated
according to the following equations and listed in Table 5.
The values of Rt were given by subtracting the high fre-
quency impedance from the low frequency one as follows [21]:Rt ¼ Z0re:ðat lowfrequencyÞ  Z0re:ðathigh frequencyÞ ð7ÞThe values of Cdl were obtained at the frequency fmax, at
which the imaginary component of the impedance is maximal
– Zmax using the following equation:
Cdl ¼ 1
2pfmax:
1
Rt
ð8Þ
The percentage inhibition efﬁciency IE% was calculated
from the values of Rt using the following equation:
IE% ¼ ½1 ðRt=RtðinhÞÞ  100 ð9Þ
where Rt and Rt(inh) are the charge transfer resistance values in
the absence and presence of inhibitor, respectively. Increasing
the value of charge transfer resistance (Rt) and decreasing the
value of double layer capacitance (Cdl) by increasing the inhib-
itor concentration indicate that the surfactant molecules inhi-
bit corrosion rate of carbon steel in deep oil wells formation
water by adsorption mechanism [22]. From EIS data it was
found that the percentage inhibition efﬁciency of inhibitor
(V) is greater than that of inhibitors (I, II, III and IV) thereby,
agreeing with aforementioned results of weight loss and poten-
tiodynamic polarization measurements.
Figure 8 Nyquist plots for carbon steel in oil wells formation water in the absence and presence of different concentrations of inhibitors
(V).
Table 4 Data obtained from potentiodynamic polarization measurements of carbon steel in formation water solution in the absence
and presence of various concentrations of the inhibitors (I, II, III, IV and V) at 303 K.
Inhibitor Conc. (ppm) Ecorr (mV vs. SCE) Icorr (lA/cm2) Rp (K ohm cm2) ba (mV dec1) bc (mV dec1) IE%
Formation water (blank) – 1031.2 46.46 0.43 97.8 127.6 –
Inhibitor I 50 1006.1 27.44 0.72 99.3 126.1 40.94
100 1002.5 24.75 0.80 98.7 128.2 46.73
150 998.4 22.39 0.88 98.6 124.3 51.82
200 1018.5 18.33 1.08 97.5 133.9 60.55
250 991.4 13.84 1.43 96.4 122.1 70.20
300 1021.2 11.62 1.70 96.1 121.5 74.99
Inhibitor II 50 986.3 27.19 0.73 97.8 130.6 41.47
100 1023.5 24.56 0.80 96.5 128.2 47.13
150 1006.5 22.07 0.90 95.3 127.3 52.49
200 1019.6 18.06 1.09 95.2 125.5 61.14
250 1014.8 13.53 1.46 94.0 124.4 70.89
300 1008.0 11.20 1.76 93.1 123.1 75.89
Inhibitor III 50 1013.1 26.70 0.74 96.5 124.2 42.54
100 1016.1 23.90 0.83 94.3 127.9 48.55
150 1009.4 21.42 0.92 93.4 123.7 53.90
200 1001.9 17.26 1.14 92.5 122.8 62.85
250 1021.1 12.61 1.57 91.2 121.1 72.86
300 1018.2 10.26 1.93 90.3 120.8 77.92
Inhibitor IV 50 1001.5 26.10 0.76 89.1 123.2 43.82
100 1028.1 23.27 0.85 88.3 121.3 49.92
150 1031.9 20.69 0.96 87.5 118.4 55.48
200 1027.7 16.32 1.21 86.2 118.8 64.88
250 1034.2 11.65 1.70 86.9 117.6 74.92
300 1041.7 9.12 2.17 87.8 115.2 80.37
Inhibitor V 50 1023.7 25.81 0.77 88.9 121.3 44.45
100 1027.6 22.94 0.86 87.4 119.3 50.62
150 1022.9 20.32 0.97 91.5 117.5 56.26
200 1026.1 15.95 1.24 91.1 116.7 65.67
250 1030.7 11.16 1.77 86.3 117.6 75.98
300 1020.8 8.63 2.29 87.2 115.5 81.42
Synthesis of some novel non ionic surfactants based on tolyltriazole and evaluation their performance 1553.4. Surface tension measurements
The CMC values of the synthesized surfactants were deter-
mined at 303 K from the change in the slope of the plotted
data of surface tension (c) versus the natural logarithm ofthe solute molar concentration; ln C, as shown in Fig. 10.
The critical micelle concentration (CMC) is the point in con-
centration at which it becomes thermodynamically favorable
for surfactant molecules in solution to form aggregates (mi-
celles) in order to minimize interaction of either their head
Figure 9 Bode plots for the carbon steel in the oil wells formation water in the absence and presence of various concentrations of
inhibitor (V).
Table 5 Data obtained from electrochemical impedance spectroscopy (EIS) measurements of carbon steel in formation water solution
in the absence and presence of various concentrations of the inhibitors (I, II, III, IV and V) at 303 K.
Inhibitor Conc. (ppm) Coeﬃcient Rs (ohm cm
2) Rt (K ohm cm
2) Cdl (lF/cm
2) IE%
Formation water (blank) – 0.979 131.90 3.32 349.7 –
Inhibitor I 50 1.000 138.40 5.55 337.6 40.19
100 0.996 108.70 5.99 319.5 44.57
150 0.991 101.00 6.63 298.1 49.92
200 0.991 97.35 8.32 281.7 60.11
250 0.991 96.99 10.51 269.9 68.42
300 0.988 114.40 12.57 229.5 73.59
Inhibitor II 50 0.986 103.4 5.60 333.3 40.71
100 0.987 109.5 6.03 314.9 44.95
150 0.976 101.7 6.72 297.0 50.58
200 0.987 100.1 8.45 281.3 60.70
250 0.982 109.4 10.74 268.2 69.08
300 0.984 111.7 13.00 202.9 74.47
Inhibitor III 50 0.999 123.1 5.70 328.8 41.76
100 0.999 109.2 6.18 307.3 46.31
150 0.972 127.9 6.91 296.0 51.93
200 0.994 100.7 8.83 279.2 62.40
250 0.991 114.9 11.45 257.6 71.01
300 0.988 103.1 14.11 196.5 76.47
Inhibitor IV 50 0.995 110.0 5.83 322.3 43.02
100 0.989 112.0 6.34 301.0 47.61
150 0.992 115.4 7.13 288.7 53.45
200 0.985 106.4 9.33 278.4 64.42
250 0.989 113.0 12.30 252.5 73.01
300 0.988 120.6 15.71 192.0 78.86
Inhibitor V 50 0.997 120.5 5.89 320.6 43.63
100 0.996 118.0 6.42 299.3 48.29
150 0.990 109.6 7.25 282.3 54.21
200 0.992 123.2 9.54 276.0 65.20
250 0.989 104.9 12.79 241.9 74.04
300 0.985 118.9 16.52 151.2 79.90
156 M.A. Migahed et al.groups or their tail groups with the solvent. For the under
investigation poly ethoxylated nonionic surfactant molecules
in water, micellization is due to entropic considerations. Water
molecules in close proximity to the hydrophobic group of the
surfactant molecules take on a certain ordered conﬁguration,which is entropically unfavorable. Once the surfactant concen-
tration reaches a certain level (CMC), the water structure
forces aggregation of the hydrophobic tail groups forming
surfactant micelles as illustrated in the schematic diagram
Fig. 11.
Figure 10 Surface tension (c) vs. log C at different concentrations of the inhibitor (I, II, III, IV and V) at 303 K.
Figure 11 Schematic representation for adsorption process of
surfactant molecules on carbon steel surface: (A) at zero concen-
tration of the inhibitor, (B) before CMC, (C) at CMC, (D) after
CMC.
Figure 12 Average extent of ethoxylation versus CMC for
Inhibitors (I, II, III, IV and V).
Figure 13 The Langmuir adsorption isotherm model for inhib-
itor (V) on the carbon steel surface at 303 K.
Synthesis of some novel non ionic surfactants based on tolyltriazole and evaluation their performance 157Surface tension plots indicate that each surfactant is molec-
ularly dispersed at low concentration, leading to a reduction in
surface tension until certain concentration is reached the sur-
factant molecules form micelles, which are in equilibrium with
the free surfactant molecules.
By careful inspection of the values of CMC, it can be con-
cluded that CMC values increase as the number of ethylene
oxide units increases. It is clear that as the surfactant with lar-
ger ethylene oxide units is more hydrophilic, hence a larger
concentration of them in solution is necessary for micelle for-
mation to become thermodynamically favorable. This is illus-
trated in Fig. 12, where the average extent of ethoxylation
was plotted versus CMC for inhibitors (I, II, III, IV and V).
3.5. Adsorption isotherm model
Values of surface coverage (h) for various concentrations as
obtained from weight loss studies of the inhibitors under inves-
tigation have been used to explain the best adsorption iso-
therm. The data obtained from weight loss technique have
been tested with several adsorption isotherms. Langmuir
adsorption isotherm was found to ﬁt well with our experimen-
tal data [23–25]].Ci=h ¼ 1=Kad þ Ci ð10Þ
where, Ci represents the molar concentration of the investi-
gated inhibitors and Kad is the adsorption equilibrium con-
stant. A straight line with a slope approximately equal unity
was obtained on plotting Ci/h versus Ci, as shown in Fig. 13.
The small deviation from unity is generally attributed to the
interaction of the adsorbed inhibitor molecules on heteroge-
neous carbon steel surface. Adsorption equilibrium constant
Kads. is then calculated from the slope of Langmuir plots for
all synthesized nonionic surfactants.
Figure 14 Values of free energy of micellization (DGmic) and free
energy of adsorption (DGads) as calculated for inhibitors (I, II, III,
IV and V) at 303 K.
158 M.A. Migahed et al.3.6. Free energy of micellization vs. free energy of adsorption
Free energy of micellization (DGmic) for the investigated non-
ionic surfactants was calculated from the following equation
[26]:
DGmic ¼ RT ln CMC ð11Þ
while free energy of adsorption (DGads) for the synthesized
nonionic surfactants were calculated from the equation:
DGads ¼ RT lnKads ð12Þ
where Kads is the adsorption equilibrium constant as calculated
from the Langmuir adsorption isotherm model.
The obtained values of free energy of micellization (DGmic)
and free energy of adsorption (DGads), as summarized in Table
6 and presented in Fig. 14, indicated that inhibitor (I) with the
lowest number of ethylene oxide units favors micellization
rather than adsorption as comparing to inhibitor (V) with
the largest number of ethylene oxide units. This proves that
inhibitor (V) forms the strongest adsorption ﬁlm on the metal
surface and hence the maximum inhibition efﬁciency, which
emphasizes that the inhibition efﬁciencies of the synthesized
inhibitors increase in the following order as predicted by the
different techniques: weight loss, potentiodynamic polarization
and electrochemical impedance spectroscopy.
Inhibitor (I) < Inhibitor (II) < Inhibitor (III) < Inhibitor
(IV) < Inhibitor (V).
3.7. Scanning electron microscopy (SEM)
Fig. 15a shows SEM image of polished carbon steel surface.
The micrograph shows a characteristic inclusion, which wasTable 6 Free energy of micellization (DGmic) and free energy
of adsorption (DGads) as obtained from surface tension mea-
surements and the Langmuir adsorption isotherm model
respectively at 303 K.
Inhibitor Free energy
of micellization,
DGmic. (kJ mol1)
Free energy
of adsorption,
DGads. (kJ mol1)
Inhibitor (I) 22.3 20.6
Inhibitor (II) 21.3 21.4
Inhibitor (III) 20.2 22.5
Inhibitor (IV) 18.9 23.3
Inhibitor (V) 17.5 23.8probably an oxide inclusion [27]. Fig. 15b shows SEM of the
surface of carbon steel specimen after immersion in formation
water for 70 days in absence of inhibitor, while Fig. 15c shows
SEM of the surface of another carbon steel specimen after
immersion in formation water for the same time interval in
the presence of 300 ppm of the inhibitor (V). The resulting
scanning electron micrographs reveal that, the surface was
strongly damaged in the absence of the inhibitor, but in the
presence of 300 ppm of the inhibitor (V), there is less damage
in the surface. This conﬁrms the observed high inhibition efﬁ-
ciency of the inhibitor (V) at this concentration.
3.8. Energy dispersive analysis of X-rays (EDX)
The EDX spectrum in Fig. 16a shows the characteristic peaks
of some of the elements constituting the polished carbon steel
surface. The spectrum of the polished carbon steel surface after
immersion in the formation water in the absence and presence
of inhibitor (V) for 70 days, is shown in Figs. 16b and c)
,respectively. The spectrum of Fig. 16c shows that the Fe peakFigure 15 SEM images for the carbon steel surface: (a) polished
sample, (b) after immersion in the oil wells formation water and (c)
after immersion in the oil wells formation water in the presence of
300 ppm of inhibitor (V).
Figure 16 EDX of the carbon steel surface: (a) polished sample, (b) after immersion in the formation water and (c) after immersion in
the formation water in the presence of 300 ppm of inhibitor (V).
Synthesis of some novel non ionic surfactants based on tolyltriazole and evaluation their performance 159is considerably decreased relative to the samples in Figs. 16a
and b). This decreasing of the Fe band is indicated that
strongly adherent protective ﬁlm of inhibitor (V) formed on
the polished carbon steel surface, which leads to a high degree
of inhibition efﬁciency [28]. The oxygen signal apparent in
Fig. 16b is due to the carbon steel surface exposed to the for-
mation water in the absence of inhibitor (V). Therefore, the
EDX and SEM examinations of the carbon steel surface sup-
port the results obtained from the chemical and electrochemi-
cal methods that the synthesized surfactant inhibitors are a
good inhibitor for the carbon steel in the oil wells formation
water.4. Conclusions
(1) All the investigated nonionic surfactants are effective
inhibitors for corrosion of carbon steel in oil well forma-
tion water.
(2) The adsorption of the inhibitor molecules obeyed the
Langmuir adsorption isotherm.
(3) The percentage inhibition efﬁciency (IE%) of the surfac-
tants increases by increasing the degree of ethoxylation
of inhibitor molecules.
160 M.A. Migahed et al.(4) The values of the percentage inhibition efﬁciency
obtained from weight loss, potentiodynamic polariza-
tion and electrochemical impedance spectroscopy are
in good agreement.
(5) The potentiodynamic polarization curves indicated that
the inhibitor molecules inhibit both anodic metal disso-
lution and also cathodic oxygen reduction, so that the
undertaken surfactants classiﬁed as mixed – type
inhibitors.
(6) The critical micelle concentration considers a key factor
in determining the effectiveness of surfactants as corro-
sion inhibitors due to large reduction of surface tension
at CMC.
(7) The inhibition mechanism is attributed to the strong
adsorption ability of the selected surfactants on carbon
steel surface, forming a good protective layer, which iso-
lates the surface from the aggressive environment.
(8) The formation of a good protective ﬁlm on carbon steel
surface was conﬁrmed using SEM and EDX techniques.
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